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ABSTRACT 

4- 
The overall  obJect of t h i s  contract is  the reduction of t h e  

weight t o  power r a t i o  of the hydrogen-oxygen fuel c e l l .  

has been concentrated on (1 1 materials studies including catalysts ,  

supports and matrices, ( 2 )  modification of t h i n  platinum/screen type 

I n i t i a l  work 

electrodes, and ( 3 ) the development of evaluation procedures. 

Cata.lyst studies included preparation of high area platinum 

blacks and evaluation of Pt-Rh-ca.rbon systems. Studies of matrix 

materials indica,ted aa asbestos-poly( vinyl alcohol) composition t o  

show promise. Electrode variables included platinum loading, porosity, 

Teflon content a,nd support screen structure.  Design and operation of 

l i f e  testing equipent  are described. &- 
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1.1 Objectives 

me objectives of the Rational Aeronautics and Space Administration 

Contract MAS 3-2786 are  indicated by Art ic le  I i n  the Statement of Work 

of RF’P No. APW-1508. 

ARTICLF: I - OMECTIVES 

( a  ) A fue l  c e l l  u t i l i z i n g  hydrogen and oxygen reactants i s  of 
considerable in t e re s t  t o  NASA because of i t s  high e l ec t r i ca l  work output 
per uni t  of weight of reactants,  The efficiency of hydrogen-oxygen fuel  
c e l l s  is  6 6  or be t t e r  i n  practical  ce l l s .  
weight of approximately 150 pounds per kilowatt neglecting reactants and 
tankage, 
reduction of the  weight t o  power rat io .  

These c e l l s  have a power plant 

The chief objective of hydrogen-oxygen fie1 c e l l  research i s  the 

(b )  An important factor i n  determining the f ie1 c e l l  weight i s  the 
weight of the electrode and its supporting s t ructure .  
support resea,rch and development e f for t s  directed towards obtaining 
electrode systems which w i l l  produce a higher electrochemical reaction 
r a t e  per un i t  weight of electrode and assembly w h i l e  maintaining a 
sat isfactory fue l  consumption efficiency. 

The intent  is  t o  

( c )  While t h i s  F@P suggests tha t  high-performance, light-weight 
electrodes a re  the basic in te res t ,  it should be understood t h a t  the weight 
and efficiency of the en t i re  puwer plant must be included t o  i n  fac t  achieve 
the purpose of t h i s  effor t ;  namely, the reduction of the  fue l  c e l l  weight 
t o  power r a t io .  

1*2  Scom 

The scope of work t o  be done by American Cyanamid Company is  shown 
i n  the  following outline which i s  a condensation of the Schedule of Work 
fo r  Contract NAS 3-2786. 

PHASE I 

1, Materials Investigations 

Ebaluation o f -ami l ab le  materials, as w e l l  as modifica,tion and 
development of new materials shall be ca.rried out as required 
t o  permit choice of materials t o  be incorporated in to  cmponents 
of high-performance hydrogen-oxygen fuel  c e l l s  of improved power/ 
weight r a t i o  e 

1 



A. Catalysts 

(1) Improvement of degree of uniformity and dispersion of 
platinum e i the r  as platinum black or  as supported on 
a carbonaceous or f ibe r  substrate,  

(2 )  

( 3 )  

Study of synergistic e f fec ts  of ca ta ly t ic  materials. 

Evaluation of nickel and/or cobalt borides and s i lver -  
containing catalysts  a t  the anode and cathode of the 
alkaline ce l l ,  respectively. 

( 4 )  Investigation of catalyst  substrate materials 

( 5 )  Physical characterization of promising catalysts .  

Bo Supports 

(1) Evaluation of w i r e  and expanded metal screens of various 
dimensions for  catalyst  support and electrode matrix 
materials. 

C.  Matrices 

(1) Evaluation of American Cyanamid Ty-pe B membrane. 

(2 )  Evaluation of other matrix materials. 

(3)  Improvement of the character is t ics  of asbestos matrix 
material by modification of asbestos type and physical 
character is t ics  or by admixture of other f ibers  i n  the 
asbestos paper 

2. Electrodes 

Available electrodes as defined below sha l l  be evaluated, and 
modified electrodes fabricated and tes ted t o  the extent necessary 
t o  permit selection of candidates f o r  extended tes t ing.  

A. American Cyanamid "yp A Electrodes 

Suitable screens containing a porous layer  of platinum black 
and waterproofing agent spread uniformly and containing no 
extender. 

Be American Cyanmid Type B Electrodes 

Carbon-extended catalysts  m a d e  i n t o  a paste and applied t o  
suitable screens by techniques similar t o  those used for  
Type A electrodes. 

C.  American Cyanamid Type C Electrodes 

Manufactured by paper-making techniques for  the  extension 
and uniform dis t r ibu t ion  of catalyst  and waterproofing agent. 

'el 



3@ Performance Evaluation of Experimental Electrodes 

Selected electrodes sha l l  be tested fo r  performance i n  sui table  
laboramtory matrix type cel ls  t o  provide service experience and 
design da ta  for single ce l l  prototypes of bat tery modules. 

A .  

B. 

I n i t i a l  performance i n  matrix type fuel ce l l s ,  f ive  square 
centimeters active area, w i l l  be determined concurrently w i t h  
work i n  Phase I, Section 2 (Electrodes). 

(1) Effect of c e l l  structure and operating varia.bles, 
s ignif icant  fo r  battery design. 

Extended evaluation of promising electrodes i n  c e l l s  of 2" x 2" 
active area. 

(1) Determination of physical character is t ics  of electrodes. 

(2) A minimum of five c e l l s  w i l l  be operated at  bat tery 
design loads for  100 hours of opera.tion t o  study the 
e f fec t  of operating variables. 

PHASE I1 

1. Single C e l l  EvaJuation 
I Developnent of t e s t  of single c e l l s  as prototypes of ultimate 

bat tery s t ructures ,  

A ,  Development of Cel l  w i t h :  

(1) Electrolyte matrix and electrodes of approximately 
bat tery dimensions. 

(2) For a single preferred design as agreed upon by t h e  
IJASA technical representative and American Cyanamid, 
conduct and andyze experiments t o  determine hea,t 
t ransfer ,  mass t ransfer  and pressure drop of the f i e 1  ce l l .  

( 3 )  Propose configuration and operating conditions which 
w i l l  m a x i m i z e  pmerlweight r a t i o  f o r  the system. 

(4) Determine operational s ta ,b i l i ty  of the ce l l .  

( 5 )  Make a preliminary control system analysis. 

2. Design Recommendations 

Based on above developments, make preliminary design of EL fuel 
c e l l  bat tery having a weight t o  power r a t i o  substant ia l ly  lower 
t h m  those presently available e 

3 



2. SUMMARY 

Work i n  the  i n i t i a l  quarter of t he  contract has been undertaken 

primarily under Phase I of the above schedule, 

par t icular ly  t o  (1) materials studies including catalysts ,  supports, and 

matrices, (2) study of modifications of American Cyanamid Type A and Type B 

electrodes, and ( 3 )  the development of sui table  test  vehicles fo r  evaluation 

of both i n i t i a l  and l i f e  performance of t h e  above electrodes, Considerable 

progress has been made i n  each area. Plans fo r  work i n  second quarter of 

t h i s  contract a re  included i n  the last section of t h i s  report .  Following 

i s  a summary of the major findings of the first quarterly report period. 

Ehphasis has been given 

1, Unusually high surface area platinum blacks were prepared 

by reduction of chloroplatinic acid w i t h  aromatic substi tuted s i lanes ,  

These blacks, having specif ic  areas of 40-60 m2/g tend t o  be pyrophoric 

and s in t e r  readily. Performance t o  date has not exceeded commercial 

blacks 

2. Platinum and rhodium codeposited on carbon were shown t o  

operate synergistically when used as an anode electrocatalyst  i n  the 

base ce l l .  

standard American Cyanamid Type AB-1 electrodes. 

I n i t i a l  performance at luw loadings w a s  equivalent t o  

3.  Matrix materials fo r  the alkal ine c e l l  were investigated, 

Studies were made of various grades of commercially available asbestos 

paper, a specially prepared asbestos-poly( vinyl alcohol ) matrix, and 

glass paper, The re la t ion  between r e s i s t i v i t y  and thickness w a s  

established, In  general, more open s t ructures  were shown t o  fa8vor 

lower res i s t iv i ty ,  and the asbestos-poly( vinyl alcohol) paper shared 

considerable p r a i s e  i n  t h i s  respect. 

4 
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4, Modifications were made of American Cyanamid Company Type AB-1 

electrodes by changing platinum loading, porosity, Teflon content, and 

support screen s t ructure ,  Performance was  analyzed s t a t i s t i c a l l y .  Increased 

platinum loading produced a s m a l l  but a.pparently s ignif icant  improvement 

i n  performance. A t  the  higher platinum loadings, lower Teflon l eve l  and 

more open screen structures were found t o  favor improved performance. 

5 o  A theoret ical  analysis w a s  made of the  performasce parameters 

Three of a matrix h e 1  c e l l  i n  which waker is removed by excess gas f low.  

conditions of feed gas were considered: 

recirculated gas, It was found t h a t  i f  the c e l l  i s  operated i n  the range 

70-100°C and saturation is carried out at  20-25°C below c e l l  temperature, 

and i f  a reasonable range of control of temperatures, external load and 

flow ra t e s  i s  assumed, electrolyte concentration can be held within - 2m 
( 2  596) of i n i t i d  concentration. 

dry gas, presaturated gas, and 

+ 

6 ,  Cell  performance at 70°C under conditions of water balance 

should v i r tua l ly  be independent of e lectrolyte  concentration between 

3 and l 3 N ,  

7 o  Design and operation of f'uel c e l l s  having e i ther  one-inch 

diameter or 2 x 2 inch active area a re  described. These ce l l s  a r e  

sui table  for  both i n i t i a l  performance and l i f e  tests i n  the temperature 

range ambient t o  100°CI 

8. I n i t i a l  l i f e  performance studies were made i n  2 x 2 inch 

ce l l s  at 70°C using standard Type AB-1 electrodes. 

were m a d e  t o  explore operating conditions, e.g., r e l a t ive  gas flow rates 

and matrix compositions. 

tudinal  concentration gradients can develop i n  the  matrix. 

gradients were obtaLned when the r a t i o  of e x i t  H2 t o  ex i t  02 was 1:2. 

Most of the studies 

It was fuund tha t  using dry feed gases,longi- 

Minimum 

\ 
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Up t o  700 hours of re la t ive ly  s table  performance w a s  observed although 

there were a m b e r  of occasions when control of the c e l l  was lost. In  

generaJ-, electrodes removed from c e l l s  a f t e r  l i f e  tes t ing  were found t o  

r e t a in  their  i n i t i a l  ac t iv i t i e s .  

6 



3.  MATERIALS IMVESTICATION 

3.1 Catalysts 

Among the factors influencing the performance of fuel c e l l  

electrodes, the catalyst  i t s e l f  i s  of major importance. 

must have as high as possible electrochemical a c t i v i t y  fo r  the reactant 

The catalyst  

system under study or maximum performance w i l l  not be obtained. 

therefore t r e  asonable t o  assume that increased performance ( i .e ., higher 

sustained currents a t  a given voltage) can be achieved by increasing 

the number of electrochemically active s i t e s  on the catalyst .  This 

It is 

might be done by increasing the surface area of the catalyst  met+. 

Another approach might be t o  change the catalyst  m e t a l  or  t o  use a. 

co-catalyst where a d i f fe ren t  (enhanced ) electrochemical ac t iv i ty  might 

be expected. Previous work indicated t h a t  these two directions showed 

promise. Both approaches have been followed during t h i s  report period 

and are discussed below, 

3*101 High Area Pia-tinum 

Normal commercial platinum blacks have a surface area of 

roughly 20-30 m2/g and a platinum c r y s t a l l i t e  s ize  of 90 t o  110 A. 

American Cyanamid Conpany Ty-pe A B 4  electrodes are m a d e  frm selected 

grades of commercial black. These electrodes, which have a loading 

of 9 mg/cm2 platAnum, a re  referred t o  i n  t h i s  report as "standard" 

electrodes. Our i n i t i a l  aFproach has been t o  make and test various 

samples of platinum black of surface area signif icant ly  greater  than 

30 m2/g and i n  so doing t o  look for performance b e t t e r  than tha t  

obtained with standard Type AB-1 electrodes. 

7 



3.1.1,l Preparation 

Previous work has indicated tha t  the nature of the reducing 

agent, the  solvent, and the  temperature all have an e f f ec t  on the surface 

area of t he  result ing platinum black. I n  much of our previous work the  

room temperature reduction of chloroplatinic acid by sodium borohydride 

w a s  used t o  produce catalysts ,  

i n  the preparation of hydrogenation ~ a t a L y s t s ( l 9 ~ , 3 ) ,  

reproducible than earlier reported reductions of platinum or  other 

metals using formaldehyde( 4, and hydrazine( 5 

reported(6) t h a t  substituted s i lanes  give an act ive platinqun ca ta lys t  

for  hydrogenation. It w a s  indicated i n  a f e w  of our ear ly  experiments 

t h a t  a modification of the reported s i lane reduction w i t h  subsequent 

i so la t ion  of the solid platinum black resulted i n  a very high surface 

area material. 

surface area of 113 m2/g, very high fo r  an unsupported platinum black. 

Work during t h i s  report period has thus been concentrated on preparation 

of higher area platinum blacks by modification of sodium borohydride 

reduction and silane reduction. 

This method has been used extensively 

It i s  more 

It has recently been 

One very s m a l l  sample of impure material had a measured 

A l l  reductions were made i n  open glass  containers w i t h  g lass  

Most saqnples of platinum black were 

Five gram of chloroplatinic acid, 

o r  Teflon s t i r r e r  blades or bars. 

made i n i t i a l l y  on a 2-gram scale.  

fo r  example, were dissolved i n  about 200 m l  water and 40 m l  of an 

approximately 54 solution of sodium borohydride added dropwise w i t h  

constant rapid s t i r r ing .  The sample was bruught t o  a boi l ,  cooled, 

f i l t e r ed ,  washed f ree  of chloride and drizd i n  a vacuum desiccator t o  

give about two grams of a f lu f fy  platinum black. 

8 
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I n  the case of s i lane reductions, the chloroplatinic acid w a s  

dissolved i n  ethanol (95%) a.t 75°C a t  the same concentration as above 

and the  requis i te  silaae (two moles per mole of chloroplatinic acid)  

dissolved i n  warm 95$ ethanol. The warm s i lane solution w a s  added slowly 

t o  the chloroplatinic acid t o  give a black solid which generally se t t led  

t o  the bottom of the beaker, The mixture w a s  s t i r r ed  for 30 minutes at 

75"C, washed by decantation with hot alcohol and f ina l ly  w i t h  water, 

then d r i e d  i n  a vacuum desiccator. 

Caution must be used i n  exposing these active platinum blacks 

t o  air. I f  done too quickly, rapid heat evolution w i l l  cause the sample 

t o  s i n t e r ,  It has been found adequate t o  pressurize the vacuum desiccator 

with nitrogen and then t o  U o w  slow equilibration w i t h  air  by diff'usion 

through the open stopcock. The tendency of these blacks t o  s i n t e r  

complicates the interpretat ion of resu l t s  of experiments i n  which they 

are used. A prellminary investigation of s inter ing is  presented i n  

Section 3.1.1.3. 

Samples of prepared platinum blacks were characterized 

routinely by BET nitrogen surface area and platinum c r y s t a l l i t e  s ize  by 

X-ray l i n e  broadening. 

3.1.1.2 Evaluation 

A s  a preliminary performance t e s t ,  the platinum black powders 

were formed in to  an electrode containing 10 mg/cm2 of platinum by mixing 

the black w i t h  Teflon added as a. waker emulsion (Teflon 30B - 6O$ so l id s )  

i n  an amount equal t o  lo$ of the w e i g h t  of platimm and Teflon and forming 

on a m e t a l  screen. The details o f  the method of prepasation const i tute  

proprietary information, 

9 



I n  tes t ing  fo r  the catalyst  program two one-inch circular  

electrodes were cut from the electrode sheet and assembled i n  a nickel 

metal c e l l  (described i n  Section 5.2.2) w i t h  one f i l t e r  paper soaked 

i n  5N KOH as a ma.trix. 

c e l l  and an AC-resistance measurement made w i t h  a Universal Impendance 

Bridge. 

Oxygen was substituted fo r  hydrogen on one side, the c e l l  allowed t o  

stand a t  open c i rcu i t  f o r  10 minutes, and open c i r cu i t  voltage measured 

on a Rubicon precision potentiometer. Current was drawn from the  c e l l  

through a decade resistance and a 1x: polyranger Model S m i l l i m e t e r  

(Sensitfve Research Instrument Corp). A t  each current value chosen, the 

c e l l  w a s  allowed t o  opera,te for  a t  l ea s t  two minutes a t  steady potent ia l  

before moving out t o  higher currents. 

aut t o  200 ma/cm2 could be obtained i n  about t h i r t y  minutes. 

measurements were m a d e  at ambient temperature, the c e l l  was heated t o  

70°C and another polarization curve taken. 

report a re  working voltages - no correction has been applied for internal  

resistance. The correction i f  applied would increase c e l l  potent ia l  

values a t  200 ma/cm2 by 60 

of suff ic ient  magnitude t o  influence the interpretat ion of the data. 

Hydrogen was passed through both s ides  of the 

Measured c e l l  resistances were i n  the range 0.06 2 0.03 ohm. 

The en t i r e  polarization curve 

After the 

A l l  r esu l t s  reported i n  th i s  

30 mill ivol ts .  These corrections are not 

A large number of catalyst  preparations and preliminary 

performance t e s t s  w i t h  experimental materials on both s ides  of c e l l  

have been made and are reported i n  Table 3-1. Ty-pica,l polarization 

curves are i l lus t ra ted  i n  Figures 3 - 1 t o  3-6 which represent data 

taken at  ambient temperature and 70°C e 

10 
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A number of conclusions can be reached ten ta t ive ly  from these 

data 

I n  a se r i e s  of sodium borohydride-reduced platinum blacks 

varying i n  surface area. from 7 m*/g t o  26 m2/g and i n  c rys ta l  s i z e  

from 70 d t o  lI.0 1, the  best  performance as shown i n  Figure 3-1 was 

not quite as good as the b e t t e r  grades of commercial pla,tinum blacks. 

Highest area blacks m a d e  by borohydride reduction were obtained by rapid 

mixing of reactants i n  a water solution at  6OoC, and t h i s  regime of 

c o & i t i m s  will be the sr;b,ject of firt 'ner investigation, 

A few reductions w i t h  hydrazine (No. 5 i n  the table i s  typ ica l )  

produced a m i x t u r e  of bright and black pla,tinum not ca ta ly t ica l ly  active,  

while  reductions with formaldehyde and formate solutions were irreproducible 

and i n  ma,ny cases resulted i n  e i ther  bright platinum mirror deposits 

or re la t ive ly  stable col loidal  platinum dispersions. 

Reduction w i t h  a var ie ty  of substituted s i lanes  i n  alcohols 

a t  75°C gave some preparations with very high surface area and 101.1 

crystaLlite size,  

a t ta inable  with 2-5 gram preparations e 

Sample Noo 26) w i t h  t r i e thyls i lane  indica,ted a possible improvement 

could be obtained by using isopropanol instead of ethanol as a solvent. 

As indicated i n  Table 3-1, the aromakic substi tuted s i lanes  tend t o  

give higher surface area platinum blacks than do the a l ipha t ic  s i lanes .  

Surface areas i n  the range of 40-60 m2/g seem t o  be 

One experiment (which produced 

Some typical  polarization curves f o r  silane-reduced samples 

are shown i n  Figures 3-3 t o  3-6 inclusive. 

reduced platinum blacks ranged from poor t o  very good. However, when 

formed in to  electrodes i n  our usual way and used i n  our standard t e s t  

procedure, they fai led t o  show a s ignif icant  improvement i n  performance 

over standard blacks. 

Performance of the s i lane-  

18 



The preceding section of work w a s  essent ia l ly  a screening 

Two of the high area pbtinum samples (Nos. 23 and 49 prepared program. 

by diphenylsilane reduction, giving surface areas of 45 and 42 m2/g, 

respectively) were selected f o r  more detailed study a,nd camparison w i t h  

commercial platinum black. I n  addition, samples were tes ted having 

surface areas of only 5 and 3 m2/g produced by s inter ing high area 

blacks during H2 treatment (see 3.1.1.3). 

Electrodes were prepared from these blacks on 100-mesh N i  

screen w i t h  varying amounts of Teflon. High and low surface area 

materials were evaluated at  ambient temperature on the O2 side of a 

ba,se c e l l  vs, standard electrodes on the  hydrogen s ide .  High surface 

area material w a s  run a l so  on the H2 side of a base c e l l  against a 

standard electrode on the owgen side.  These results are shown i n  

Table 3-2. 

The following observations and conclusions were drawn fram 

t h i s  work: 

1. Higher area. bla,cks (42-45 m2/g) i n  the present type of 

electrode formulation have shown l i t t l e ,  i f  any, advantage over commercial 

blacks, although it is  possible t h a t  optimum structures have not yet been 

made. 

2. With higher area blacks the  Teflon leve l  a,ppears t o  be 

f a i r l y  c r i t i c a l  for..optimuzn electrode performance. This is i n  contramst 

t o  electrodes, made from commercial blacks, i n  which Teflon leve l  has 

not a very strong influence. 
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3. Increasing phtinum loading fram 9 or 10 t o  1 5  mg/cm2 has 

a rela, t ively sma,ll e f fec t  on performance. 

i n  standard electrode formulakions w i l l  be discussed i n  d e t a i l  i n  a later 

( m e  ef fec t  of platinum loading 

section. ) 

4, The extent and effect  of s in te r ing  of platinum i n  the formed 

electrodes should be investigated. A start i n  t h i s  direct ion is  discussed 

i n  the next section. A s  may be seen from Table 3-2, electrodes prepared 

from highly sintered blacks performed nearly as well as the higher asea 

bla.cks 

3.1.1.3 Sintering 

It was noted i n  handling some of the high area bla.cks prepared 

i n  the course of th i s  work tha t  some preparations were pyrophoric and 

required special  handling. I n  particular,  exposure of a freshly reduced 

dry sample t o  air caused considerable evolution of heat. A gradual exposure 

t o  air is  now always used t o  minimize any heating e f fec t .  

a pertinent question whether the surface area of the sample changed w i t h  

handling or w i t h  exposure t o  a reactive gaseous atmosphere. 

It was (and s t i l l  i s )  

A decrease of surface area on hydrogen treatment w a s  observed 

fo r  both a laboratory sample and a commercial platinum black by enclosing 

the-powdered sample i n  a tube on a vacuum l i n e  and a l te rna te ly  measuring 

the BET nitrogen surface area and exposing the sample t o  hydrogen a t  low 

temperature ( s t a r t i ng  at -196°C) without intermediate exposure t o  air. 

A steady decrease i n  surface area from 30 t o  10 m2/g was observed i n  two 

hydrogen treatments of the commercial sample. 

w a s  reduced i n  surface area by the same treatment fram 40 t o  7.5 m2/g 

which suggests a greater sintering e f fec t  for  the laboratory sample. 

The laboratory sample 

21 



Also, a fac t  which i s  very interesting, although the measured nitrogen 

surface area for the laboratory sample w a s  higher i n i t i a l l y  than the 

c m e r c i a l  sample, the amount of hydrogen adsorbed per unit weight w a s  

smaller. This i s  not expected and needs more work t o  c lar i fy .  It could 

be explained by differences i n  the exposed platinum crystal  faces on the  

two samples or differences i n  "solubility" of hydrogen i n  the platinum, 

That loss of surface area needs t o  be considered as a factor  

i n  our work can be seen from Table 3-3. 

before and af te r  treEtir4 degassed air-exposed pl&tinm black samples 

w i t h  hydrogen a t  ambient temperature. 

It l is ts  surface areas measured 

This sintering effect  has been noted earlier ( w i t h  d i f ferent  

treatments ) by several investigators7t t 9 t l0,l1 although McKee8 9 9 implies 

that it takes place only above 100°C. 

A few experiments have been run t o  see i f  the surface area 

changes on hydrogen treatment of a standard platinum black a f t e r  it 

has been formed in to  an electrode on a heat-conducting screeno Results 

indicate tha t  about one-third of the original surface area of the black 

was covered up i n  making each of the two electrodes tested.  

w a s  a relatively s m a l l  but significant decrease of surface area (16) 

on exposure of the electrode t o  hydrogen treatment. 

yet whether th i s  decrease continues on repeated aLternate exposure t o  

oxygen and hydrogen. 

observed when electrodes are repeatedly assembled and disassembled i n  

a c e l l ,  

Also there 

It i s  not known 

If so, it could account for  losses i n  performance 

The stabil izing effect  of the support screen may be a very 

important factor i n  maintaining high electrode act ivi ty .  

measurements w i l l  be made on the high area blacks. 

Similar 
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TABLE 3-3 

AMBIE3NT TEMPERAW SINTWING OF PLATINUM BLACKS 

Surface Area 
m2/g 

As Made 

Crysta; Size 
A - 

44 -- 
27 

25 

45 

43 

18 

18 

7 

10 

9 *- 

33 

65 

23 

H2-Treated at Ambient Temp. 

Surface Area 
712/g 

9 

3 

4 

5.5 

2 

4.6 

4 

5 

3 

7 

6 

9 

Crystai Size 
A - 

80 

) 200 

170 

120 



3.1.2 Platinum-Rhodium-Carbon 

I n  catalyst  research synergis t ic  e f fec ts  of ca t a ly t i c  materials 

have frequently been found. I n  par t icular ,  combinations of platinum 

with other metals have been shown t o  improve performance or reduce usai=r 

of expensive i n g r e d i e n t ~ ~ 3 , ~ ~ .  Same work with platinum-rhodium mixtures 

as hydrogenation catalysts  has recently been reported’’. Our work shows 

the lat ter system has promise fo r  fuel c e l l  anodes i n  the base system, 

par t icular ly  at low catalyst  loadings. 

3 .i ., 2 i Prepasat ion 

The catalysts  studied i n  t h i s  work were either platinum or  

rhodim blacks prepared by sodium borohydride reduction as described 

i n  Section 3.1.1.1 or were deposited on any of several  powdered carbon 

supports, 

was slurried i n  aqueous suspension and t o  the s lur ry  w a s  added the  

To prepare a supported catalyst ,  a weighed amaunt of carbon 

proper amount of chloroplatinic acid, rhodium chloride, o r  a mixture 

of the two i n  the desired proportion, Enough 5$ sodium borohydride 

solution was added dropwise t o  reduce the metals (see Section 3.1.1.1) 

and the  result ing metallized carbon was heated t o  boiling, cooled, 

filtered, washed free of chlorides and dr ied i n  a vacuum desiccator. 

When both rhodium chloride and chloroplatinic acid were reduced simul- 

taneously, a co-deposited ca ta lys t  was  obtained. Electrodes were prepared 

from these catalysts  by a proprietary process and f a l l  within the category 

designated as American Cyaaamid Company Type B electrodes, 

24 
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3.1.2.2 Evaluation 

I n  view of the  finding i n  pr ior  investigations of a synergistic 

effect  at  low loadings of P t  and Rh, work fo r  t h i s  contract w a s  directed 

toward the  use of Pt/l?h combinations supported on carbons a t  higher loadings 

t o  determine if further  improvements i n  anode performance could be m a d e .  

A survey w a s  'made  of the following variables of composition: 

Pt/Rh loading, and Teflon content. 

was Stackpole C-2H flour, which gave sat isfactory performance and had 

convenient properties i n  electrode manufacture. Polarization data f o r  

c e l l s  consisting of experimental hydrogen electrodes and standard oxygen 

electrodes are shown i n  Table 3-4. 

t r a t ions  of Pt/Rh h d i m t d  optimum weight r a t i o  of these two metals t o  

be near unity, t h i s  r a t i o  w a s  used fo r  nearly a l l  mixtures. 

I 

t o t a l  loading, 

The carbon support chosen fo r  t h i s  work 

Since our e a r l i e r  work a t  l o w  concen- 

The synergistic effect  of Pt/Rh found i n  our e a r l i e r  work at  

low loadings (1.0 mg t o t a l )  i s  clearly sh&n i n  the last three l i nes  

of the  table. 

same t o t a l  loading of noble m e t d  seems t o  diminish as loading is 

increased, so tha t  performance becomes as good but not better than a 

standard Type AB-1 electrode at a loading of 9 mg Pt/cm2. 

l e a s t  i n  t h i s  i n i t i a l  perfornance test, all Pt/Rh electrodes having r a t i o  

of noble m e t a s  of uni ty  perform as w e l l  as the  standa,rd within about 30 mv 

at currents of 40 and 180 ma/cm2. 

Figure 3-7. 

The synergistic effect  re la t ive  t o  platinum alone a t  the  

I n  fac t ,  at 

The range of the  data is  shown i n  

It i s  igteresting, also, that both t o t a l  loading of material 

on the electrode (over the range of 10 t o  40 mg/cm2) and l eve l  of Teflon 

(10 t o  20$) have no s ignif icant  effect  on performance. 
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We conclude f r o m  t h i s  work based on i n i t i d  polarization data 

oi ly ,  that it is unlikely t h a t  marked iplprovements i n  anode electrocatalysts  

can be made over platinum as found i n  our standard Type AB-1 electrodes. 

Rather, further improvements i n  c e l l  performance w i l l  probably come from 

improvements i n  cakhode electrocatalysts ,  optimization of c e l l  structure,  

and op tb iza t ion  of c e l l  operating conditions. 

basis f o r  further work i n  the  developent  of thin,  light-weight, high-performance 

fuel  c e l l  electrode systems. 

at low loading show considerable promise of reducing usage'of noble metal. 

3.2 Matrices 

These topics  f'urnish the 

On the  other hand, P t / R h  catalyst  mixtures 

To be suitable fo r  use i n  aikaline f i e 1  ce l l s ,  the  matrix 

material must be chemically s table  i n  hot KOH solutions. It should offer  

minimum resistance t o  hydroxyl ion transport ,  and should be hydrophilic 

i n  order t o  permit rapid equi l ibrat ion of waker. 

appear t o  sa t i s fy  these general c r i t e r i a .  

of a standard matrix material fo r  use i n  l i f e  t e s t s ,  a study has been made 

of physical characterist ics and fue l  c e l l  performance f o r  a number of 

available materials, 

various forms of asbestos wi th  f i l t e r  paper, which has been used extensively 

i n  electrode evaluation work t o  date. 

3.2.1 Materials Studied 

Various types of asbestos 

In  order t o  a id  i n  the select ion 

The sniti& objective of t h i s  work was t o  compare 

Matrix materials studied i n  t h i s  phase of the program are l i s t e d  

i n  Table 3-5. 
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TABLE 3-5 

Material Source 

Whatman #42 F i l t e r  Paper A. H, Thomas 

Fuel C e l l  Asbestos Board, 30 m i l  
and 10 m i l  grades Johns -Manville 

#10 Quinterra Asbestos Johns -Manvine 

" ACCO" Asbestos In te rna l  

Whatman GF/B Glass Fiber Paper A. H. Thomas 

Mineralogical examination shows t h a t  the  Johns -Manville 

asbestos samples are both of the mineral form chrysotile,  (Mgg(OH)8Si4010), 

but differ  i n  t he  type m d  amount of impurities present. The Fuel C e l l  

Asbestos Board i s  an Arizona chrysotile, and contains an estimaked 2-4$ 

of carbonate minerals such as ca3cite (CaCO3) and dolamite paMg( C 0 3 ) 2 1 .  

The Quinterra asbestos is  a "de-ironed" Canadian chrysotile,  containing 

very low carbonate impurity (probably less than 0.5$), but w i t h  t races  

of chromite (FeCr204). Analysis of the win ter ra ,  paper showed 1.97s Fey 

as compared with 0.34$ Fe f o r  the Fuel Cel l  Asbestos Board. 

thick Asbestos Board i s  a composite sheet consisting of approximately 

twelve two-ply sheets pressed together. 

The 3 0 - m i l  

The "ACCO" asbestos sheet i s  an experimental material  made frum 

a caustic-leached tremolite @$g5Si8022( OH )a7 asbestos w i t h  1 6  

pblyxir@€ !alcohol fiber as a, binder, Star t ing ma,terials are  Baker & 

Adamson Acid-Washed Long-Fiber Asbestos (Code No. 1393), and Kuralon @ 
PVA f iber ,  obtained fran t h e  Kurashiki Rayon Co., Ltd., Japan. 



~ 
The asbestos f iber  was given three successive leaches (4-6 hours each) 

with 254 KOH a t  90-lOO"C before being made in to  a sheet w i t h  the  WA 

fiber binder, I n  the first leach, an amount of si l ica equimlent t o  

approximately 1-2$ of the or iginal  asbestos weight was  extracted. 

significant amount of material w a s  extracted i n  the subsequent leaches. 

Similar treatment of the two Johns-Manville asbestos papers showed no 

No 

significant amount of material extracted. 

Glass-fiber i s  not stable i n  hot KOH and w o u l d  not be sui table  

for  use i n  an alkaline f'uel ce l l .  It was included i n  t h i s  study because 

it i s  an example of a material with an extremely open physical structure.  

3.2,2 Polarization Data - Matrix Materials 

Polarization data were obtained on the various asbestos materials 

described i n  Section 3.2.1, using standard American Cyanamid Type AB-1 

electrodes i n  1" test c e l l s ,  

and oxygen, a,nd 5IV KOH electrolyte ,  

Cell performance w i t h  the  as received nminal  30-mil Fuel Cell Asbestos 

The tests were run at 7OoC, with hydrogen 

The data are surmnarized i n  Table 3-6. 

Board was  somewhat low, I n  thinner sections, however, performance comparable 

with that  fo r  t h e  other materials tested was obtained. 

3.2.3 Resistivity Measurements 

The e l ec t r i ca l  resistance offered by an electrolyte-saturated 

matrix i s  an important factor i n  fuel c e l l  performance. 

resistance would be expected t o  depend on the physical s t ructure  of the 

matrix. I n  particular,  the  porosity of the  matrix should be impofiant. 

E lec t r ica l  
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Since the materials of interest are generally compressible, porosity will 

be a function of the pressure applied to the matrix. In order to help 

characterize the various matrix materials listed in Section 3,2.l, 

independent measurements were made of thickness and electrical resistivity 

as a Function of applied pressure. From these measurements, a comparison 

of the electrical resistance of the materials at the same thickness can be 

made. 

Matrix thickness as a function of pressure was determined by 

placing one or more 3" x 3" layers of the electrolyte-saturated materia3 

between two standard fuel cell endplates. 

was measured with an Ames Comparator, previously zeroed for the thickness 

of the end-plates alone. 

to 5 ,  10, and 15 inch-lbs. torque, and the thickness noted at each level, 

Pressure on the sample was calculated f r w  the relationship: 

Thickness of the entire assembly 

The four bolts of the assembly were then tightened 

i 

n T  
0.2 dA 

P =  

where: P = pressure, lbs/in2 

T = applied torque, in-lbs. 

A = sample area, in2 

a d = major diameter of bolt, inches 

n = number of bolts 

An estimate of the porosity of the material a,t a given pressure 

can be made by calculating density from the weight of the dry sheet and 

its compressed thickness, and then applying the relationship: 

1 
I 
I 
1 
8 

I 
1 
8 
I 
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Vo = 100 ( 1 -p/po), where 

Vo = Void volume, $I 

p = Bulk  density, as  measured 

= Skeletal density for the matrix material P o  

Figure 3-8 shows characteristic thickness vs. applied pressure 

curves for the various materials tested. Calculated void volumes VS. 

applied pressure are shown in Table 3-7. 

compressed to abaut one half of their origim dry thickness at 120-180 psi. 

This is the approximate compressive load normally applied in a 2" x 2" test 

cell. 

paper swelled to approximately 1 5 6  of their dry thickness when saturated 

A l l  of the materials were 

All of the materials except the "ACCO" asbestos and the glass fiber 

with electrolyte. The binder added to the "ACCO" asbestos prevents 

swelling, and provides an appreciable degree of wet-strength to the 

pa;per 

The resistance of the matrix saturated with 5% KOH was 

determined in a standard 1" cell (see Section 5.2.2 for details) using 

a full 3" x 3" sheet of the matrix material. For each material, overdl 

cell resistance at room temperature was measured over a range of applied 

pressure, and for vaxying numbers of sheets. The relationship between 

cell resistance and pressure is indicated by the curves in Figure 3-9. 
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MATRIX THICKNESS VS. PRESSURE 

FIGURE 3-8  

0 Fuel Cel l  
@ . Whatman 
@ "ACCO" 
@ Whatman 
a Fuel Cel l  
@ No. 10 

isbestos Board,30mi: 
;F/B Glass Fiber 
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TABLE 3-7 

CALCULATED VOID VS. PRESSURE 

Pressure,  p s i  

?)!at er  i.al 

!That= GF/B Glass Fibe r  94 83 79 
I t  // 

.4CCO Asbestos 

!.lhatmn #It2 F i l t e r  Paper 

3 

1 . 4  

88 78 74 

74 72 67 

#lO Quin te r r a  Asbestos 2.5 78 71 60 

2.5 68 63 53 Fuel C e l l  Asbestos, 30 . n i l  

Fuel C e l l  Asbestos, 10 nil 2.5 69 59 50 

(1) Values a t  0 ps i  calculated f r o 9  dry thic’--ess measure- 
ments. Values a t  other  pressures  ca l cu la t ed  from thickness  
of e l ec t ro ly t e - sa tu raceo  matrix. 
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By cmbining the  data from the  thickness and resistance 

measurements, a plot  can be made  of ce l l  resistance vs. compressed 

matrix thickness for  a given applied pressure. 

torque (180 ps i )  are shown i n  Figure 3-10. 

the relationship between resistance and thickness is l inear,  and that 

all materials have a ccamnon intercept at zero thickness. 

represents the sum of all components of c e l l  resistance other than tha t  

for  the electrolyte-saturated matrix; i .e . , electrode, current collector,  

The data a t  1 5  in-lbs 

Note that for  all ma<terials, 

This intercept 

and contact resistances. 

r e s i s t i v i t y  of the electrolyte-saturated matrix i n  i t s  campressed state 

can be calculated. For the data i n  Figure 3-10, the specific r e s i s t i v i t y  

at  180 p s i  ranges from 5.2 ohm-cm fo r  the glass-fiber paper t o  12 ohm-cm 1 

for  the #42 paper. This is  approximately three t o  eight times the 

r e s i s t i v i t y  of 5N KOH alone (1.6 OM-cm)(15) .  Note that the glass 

f i b e r  paper and t he  "ACCO" asbestos, which have t h e  greatest  porosity 

From the slope of the l ine ,  the specif ic  

(Table 3-7), a lso  have the lowest resistance (Figure 3-10). For t h i n  

matrices, the differences i n  resistance indicated by t h i s  study would  

not have a major a.ffect on performance. A t  a campressed thickness of 

10 m i l s ,  for  example, the greatest difference between the vazious forms 

of asbestos studied appears t o  be on the order of 0.1 ohm-cm2, corresponding 

t o  a difference i n  voltage of 10 mv at a current density of 100 ma/cm2. 

For thicker matrices, and part icular ly  a t  higher current densit ies,  the 

lower resistance of the "ACCO" asbestos would appear t o  offer  an advantage 

over the cammercial materials. 
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4. ELECTRODE DEFTELOmT 

One of the principal objectives of the work being done under 

t h i s  contract i s  t o  maximize performance i n  the  base system. 

sections of t h i s  report, work directed toward achieving t h i s  objective 

through the use of new or modified catalyst  materids has been discussed. 

The work reported i n  t h i s  section was directed toward obtaining maximum 

performance with standard platinum black, through modification i n  electrode 

composition and structure.  

obtained from Engelhard Industries, Inc., and has the  following typica l  

properties: 

( se t t led) ,  (1 g/cc 

I n  earlier 

The platinum black used i n  t h i s  work w a s  

surface area, 30 m2/g; c r y s t a l l i t e  s ize ,  100 d; bulk density 

American Cyasmid Type AB-1 electrodes u t i l i z e  platinum black 

of t h i s  type, 

taken as a standard f o r  camparison of modified structures.  

I n  the work reported here, Type AB-1 electrodes have been 

A br ie f  

discussion of Type AB-1 electrodes together w i t h  typ ica l  performance 

data is given i n  Section 4.1. 

4.1 American Cyanamid Type AB-1 Electrodes 

Type AB-1 electrodes are formulated t o  contain 9 mg Pt/cm2 

(electrode area) supported on 100 mesh, 2 m i l  wire nickel screen. 

formulation i s  such t h a t  the electrodes are waterproof, and possess a, high 

degree of porosity. 

The 

The waterproofing prevents the electrode frm becaming 

flooded with electrolyte  and thus permits intimate contact between gas, 

catalyst  and electrolyte .  Teflon is  used as a binder-waterproofing agent. 

Porosity i n  the electrode provides a large exposed catalyst  area and aids 

i n  gas-liquid contacting. Typical hydrogen-oxygen performance data fo r  

standard electrodes are shown i n  Figure 4-1. 
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4.2 Modifications of Type AB-1 Electrode 

Table 4-1 shows modifications of the Type AB-1 electrode tha t  

were made, The first modification was t o  increase the standard loading 

frm 9 mg Pt/cm2 t o  20 and 40 mg Pt/cm2. It was found t h a t  i n  making 

the higher loading electrodes s m e  d i f f i c u l t i e s  were encountered i n  

bonding catalyst  t o  the support screen. 

were t r i e d ,  therefore, and a "sandwich" s t ructure  was developed and found 

t o  hold the electrode material sat isfactor i ly .  

appeared t o  be capable of good electrode-material retention. 

V a r i o u s  support screen structures 

Expanded nickel a l so  

Expanded 

nickel may be advantageous also because of the absence of points of high 

e l e c t r i c a l  resistance such as may exis t  where the warp w i r e s  contact 

the w e f t  wires i n  a screen support. 

Several modifications of the basic electrode formulation were 

a l so  t r i e d ,  

the e f fec t  of waterproofing level on performance. 

w a s  adjusted t o  provide a relat ively less dense or more open, porous catalyst  

The Teflon leve l  was reduced frm 25% t o  12.5% t o  determine 

Finally, the formulation 

layer. 

4.3 Polarization Data: M o d i f  i e d  Electrodes 

4,3.1 Tes t  Procedure 

Details of the one-inch c e l l  used i n  evaluating electrodes are 

given i n  section 5,2.2. 

electrode sample on both the  hydrogen and oxygen sides of the ce l l .  

The cell i s  assembled w i t h  d iscs  of the same 

The standard matrix material  i s  one thickness of #%2 Whatman f i l t e r  paper. 
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Electrode No. 

S-6609-1-1 

s-6609-1-2 

S-6609-3-1 

S -660 9- 5-1 

S-6609-4-1 

S -6 1-47 - 1 

S -6609-3-2 

S-6609-3-3 

TABLE 4-1 

MODIFICATIONS OF TYPE AB-1 EIlECTRODE 

20 

20 

x) 

40 

40 

9 

20 
c 

2Q 

Forinulat ion 

Standard 

Standard 

Standard 

Standard 

Standerd 

Increased 
Poros i ty  

Increased 
Poros i ty  

Decreased 
Water proof ing  

Support 

70 mesh, 4 . 5 - m i l  
screen 

100, 100 inesh 
sandwich" 

5 Ni 7-4/0 
expanded n i c k e l  

40 xesh,  10 m i l  screen  

70, 70 xesh 
I' sandwich" 

70 mesh, 4.5-mil 
screen 

70, 100 Lnesh 
I t  sandwich" 

70, 100 mesh 
'I sandwich" 

I 
1 
I 
I 
I 
I 
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Hydrogen i s  f i rs t  passed through both s ides  of the c e l l  fo r  2 minutes 

and then the  in te rna l  resistance is measured. 

indicates improper assembly.) 

s tar ted and the  c e l l  temperature is raised t o  70°C w i t h  the c e l l  heaters. 

The open c i r cu i t  voltage is measured and then the external load i s  

increased stepwise every two minutes. 

maintain the water balance at each load. 

inlet hydrogen and oxygen flows are kept equal. 

of air t o  hydrogen i s  used. Voltage across the c e l l  is  determined j u s t  

before and Just  after the current dens i ty  is  increased t o  a new level .  

4,3.2 Performance with Hydrogen-Oxygen 

( A  high RI sametimes 

Hydrogen and oxygen (o r  a i r )  flows are 

G a s  flow rates are  adjusted t o  

When t e s t ing  w i t h  oxygen, 

With air, a 2:l r a t i o  

Polarization curves were obtained on three sets of electrodes 

cut from each of the modified electrode sheets described i n  section 4.2. 

The averaged data fo r  each sheet are l isted and compared w i t h  averaged 

data f o r  two standard Type AB-1 electrode sheets i n  Table 4-2. 

'Because differences i n  performance between electrodes appeared 

t o  be very small, the data were subjected t o  s t a t i s t i c a l  analysis i n  

order t ha t  more meaningful conclasions could be reached. 

I n  the  method used (an outline of which is  given i n  the 

appendix) it wa,s possible t o  "pool" the performance data fo r  each electrode 

sheet and derive a number t o  express i t s  "performance". 

designated as 9 (vo l t )  a t  200 ma/cm2. 

determine whether significant differences existed between electrodes at 

t h e  95$ confidence level. Ram the s t a t i s t i c i a n ' s  point of view, based 

on the experimental data that were obtained, differences i n  performance 

This number is  

All the $ ( s  were then used tQ 
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could have been due to: 

electrodes from a given sheet, ( 2 )  sheet t o  sheet variation, i,e-i, inherent 

va r i ab i l i t y  i n  the manufacturing technique, and ( 3 )  actual  differences i n  

the electrode modifications tested.  

w a s  neglected w i t h  the  proviso that it w i l l .  be considered later f o r  

f'urther evaluation of the most promising structures indicated by t h i s  

i n i t i a l  study 

(1) variations i n  t e s t  procedure and/or between 

For t h i s  evaluation, variakion ( 2 )  

O f  the  t e n  electrode sheets evaluated only one (S-6609-3-1, 

20 mg Pt/cm2 on expanded nickel)  had too large a "within sheet" e r ro r  t o  

enable it t o  be compared on the same basis as the others. The s t a t i s t i c a l  

analysis of the remaining nine electrodes i s  presented i n  Table 4-3. 

The electrodes as arranged i n  the  table, i n  order of increasing 

9, correlate  w e l l  with loading, the one exception being the 40 mg/cm2 

"sandwich" s t ructure  electrode On the  basis of the s t a t i s t i c a l  analysis 

as summarized i n  Table 4-3 and subject t o  the reservations outlined above, 

the  following conclusions may be drawn: 

(1) A l l  of the 20 and 40 mg/cm2 electrodes except the 20 mg/cm2 

"sandwich" s t ructure  gave s ignif icant ly  higher performance than either of 

the  two standard electrodes. 

(2 )  Single screen structures at  both 20 and 40 mg/cm2 loadings 

were s ignif icant ly  be t t e r  than the sandwich structures.  

(3 )  Increasing the  porosity had no s ignif icant  e f fec t  on performance 

at 9 and 20 mg/cm2 loadings. 

(4)  Decreasing the water-proofing l eve l  at 20 mg/cm2 platinum 

loading gave s ignif icant ly  be t te r  performance. 
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The 20 mg/cm2 electrode on expanded nickel screen S-6609-3-1 

S ta t i s t i ca l ly ,  it can be considered d i f fe ren t  only had a 9 of 0,8543* 

from the electrodes having the  lowest and the two highest 9 values i n  

Table 4-3. 

On the basis of the work reported here, it w o u l d  appear t h a t  

an electrode w i t h  40 mg Pt /cm2 and 10-1546 Teflon binder on a single 

40 mesh nickel screen wuuld be expected t o  give superior performance. 

"his type of electrode w i l l  be prepared and studied i n  more de t a i l .  

Further, since there appears t o  be a signif icant  i n i t i a l  

performa.nce advantage i n  cer ta in  electrodes having higher platinum 

loadings, several of these w i l l  be studied i n  the l i f e  t e s t ing  program. 

4-3.3 Pe r fomnce  w i t h  Hydrogen-Air 

A s  discussed i n  section 4.3.2, differences i n  performance on 

hydrogen-oxygen between t h e  various electrodes tes ted was small. To increase 

the severity of the t e s t  and therefore, hopefUly, make it more discriminating, 

several  electrodes were tested w i t h  air rather  than oxygen. 

t ha t  the effect  of differences i n  electrode structure might be more eas i ly  

demonstrated with the additional diff'usion burden imposed by the  nitrogen 

i n  the air, 

i n  Table 4-4, 

than with oxygen. 

low current density (200-400 ma/cm2) indicating the existence of a dlff'usion 

l imit ing process, The re su l t s  i n  Table 4-4 indicate the 20 mg/cm2 electrode 

made by the "sandwich" technique t o  be infer ior  i n  t h i s  respect t o  either 

of the two single 70 mesh screen electrodes tes ted ,  

It was f e l t  

Three electrodes were tes ted with air/H2 w i t h  results as shown 

I n  all tests performance was  lower by 50-70 mv at 200 ma/cm2 

With air, performance f e l l  off  rapidly at  a re la t ive ly  
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TABLE 4-4 

ELECTRODE PERFORMAP?CE 

Electrode No. 

AIR/HYDFK)GEN 

S66O9 -1-2 ~6609-1-1 

Current Density 
(=/@> Working Voltage a t  70°C 

0 1.014 1.015 1.018. 1.010 1.018 1.015 
40 0.887 0.874 0.897 0.882 0.888 0.883 

100 0.852 0.830 0.861 0.850 0.858 0.843 
200 0 0773 0.728 0.795 0.800 0.812 0.779 

0.714 - - 0.764 0.781 0.700 - - - 0.718 0.736 - 300 
400 

(1) Increased poros i ty  formulation on 70 nesh x 4.5 m i l  n icke l  

(2) Sandwich stru&re, w i t h  two 100 mesh screens.  

(3 )  On 70 - mesh x 4.5 m i l  n icke l  screen. 

support screen. 
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1' 5 0  TEST CELL DEVEXDPMENT 

5 . J  Theoretical Considerations 

5J01 Water Balance Calculations 

Successful operation of a matrix-type hydrogen-oxygen fue l  

c e l l  requires t ha t  the water formed electrochemically be removed from 

the system as it is formed, This has been accomplished i n  the current 

program by employing excess flow of gases t o  remove the water by 

evaporation, The gas flaws required t o  maintain the water balance depend 

on c e l l  temperature, electrolyte concentration, the humidity of the inlet  

gases, and the current density at whfch the  c e l l  i s  operated. 

I n  a l i fe - tes t ing  program, it i s  reasonable t o  consider fo r  the 

sake of simplicity the  use of d r y  gases with no recirculation of excess 

gas t o  the ce l l ,  Under these conditions, the flows required t o  maintain 

the water-balance are determined as follows: From stoichiometry, i n  uni t  

time: 

Eq (1) Nw = 2/3Hw, where Nwp = mols water produced, and 
N s  = mol8 gas consumed 

A s s u m i n g  the  gases leaving the ce l l  are saturated w i t h  respect t o  the 

concentration of electrolyte i n  the ce l l ,  

Eq (2) Nm = WGE(P/T-P), where = mols water i n  ex i t  gases 

NGE = mols dry gas i n  ex i t  gases 

P = Vapor Pressure of H S  over KOH 
at c e l l  conditions 

= Total system pressure 
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A t  water balance the water i n  the exit  gasqs is equal t o  the  water produced. 

Theref ore, 

Eq ( 3 )  2/3 = NGE(p/T-p) 

Rearranging, 

Eq ( 4 )  '2 = Vi = A , where VI 3 E 
i s  the e x i t  gas flow r a t e  

NGC 

expressed 8,s a. r a t i o  t o  the s to i ch ime t r i c  gas requirements, i n  any 

convenient units. It follows that :  

Eq ( 5 )  Vi = 1 + 2 , where V f  
3 I 

i s  the t o t a l  inlet  d ry  gas flow 

rate epressed as a r a t i o  t o  the stoichiometric requirement. The 

stoichiometric flow rate is  a function of 'the t o t a l  current only, and may 

be expressed as: 

Eq (6 )  Vo = ,01154 (CD)(A), where Vo i s  the stoichiometric gas requirement, 
mls/min, (measured at  2 T o C ) ,  CD = current density 
ma/cm2, and A = area, cm2. 

Figure (5-1) shows the t o t a l  gas flow requirements, as calculated from 

equation ( 5 )  and vapor pressure data(16), as a function of c e l l  tempera,ture 

and electrolyte concentration for  a system pressure of 1 atmosphere. 

is  evident from Figure 5-1 t ha t  at  or near room tmprature, the f l o w  

rates required t o  maintain the  water balance are very high. 

temperatures near 100°C, however, required flow rates approach stoichio- 

metric, particularly at KOH cbncentrations near s. 

It 

A t  c e l l  

~~ 
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When dry gases are fed t o  a ce l l ,  there is a large gradient 

i n  the driving force fo r  m a s s  t ransfer  of water froan the electrolyte 

phase t o  the gas phase. 

overdry at the gas  i n l e t s  even though the overall water balance is  

Thus there is  a tendency for  the c e l l  t o  

maintained. Such localized overdrying may well be detrimental t o  c e l l  

performance. To avoid this ,  it may be desirable t o  use gases presaturated 

with water. By proper selection of the dewpoint of the in l e t  gases i n  

re la t ion t o  the c e l l  temperature, it is possible t o  put a l i m i t  on the 

maximum concentration which can be developed I n  any pa& of the c e l l  

(so  long as the c e l l  temperature is  held constant) . The electrolyte 

concentration i n  the c e l l  cannot exceed t h a t  for  which the equilibrium 

.* 

partial pressure of water vapor equals the pa r t i a l  pressure of water 

i n  the inlet gases. The relationship between c e l l  temperature, dewpoint 

of the i n l e t  gases, and maximum concentration is  given i p  Figure 5-2. 

It can be seen tha t  for  c e l l  temperatures i n  the range 70°C t o  100°C, 

the dewpoint of the inlet gases should not be more than 25-28Oc beluw 

c e l l  temperature i n  order t o  ensure tha t  t h e  KOH concentration w i l l  not 

exceed 1lX. 

For the case i n  which the i n l e t  gases contain water, an 

additional term i s  required i n  the water balance equation. The water 

brought i n  with the inlet gases i s  given by: 

fed and P' is  the vapor pressure of water at the dewpoint of the gases 
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entering the ce l l .  

and i n  which the t o t a l  i n l e t  flaw i s  passed thrmgh a saturator,  the 

dewpoint is  the same as the saturator temperature, and the water balance 

For a system involving no recirculation of gases, 

e quat ion be come s : 

This epa tdon  

Eq (9)  '!! = 

E q  (10) Vi = 

may be reduced to: 

, from which it follows t h a t  

Note t h a t  i f  P' i s  taken equal t o  zero, equation (10) reduces 

t o  equation ( 5 )  for  dry gas feed, 

Using equation (10) and vapor pressure data for  aqueous KOH, the 

*--l -I -q -- --A-- +e - 0 4 n + a 4 n  +hn vnfor  hnlnnpe ~ r - f m 3 s  ce l l  
l U P b  L l V W  Iabca I G ~ U A A C Z U  v u  ~ Y U L I I ~ - ~  ..---- ----- 

temperatures, saturator temperatures, am3 electrolyte  concentrations 

have been calculated, an8 are sham i n  Figure 5-3. 

difference between c e l l  temperature and saturator temperature i s  l e s s  

than about 2OoC, the reqyired flow rates become quite high, particularly 

fo r  the lower c e l l  temperatures and higher electrolyte concentrations. 

Note that when the 

The water balance equation fo r  the case i n  which the ex i t  gases 

are  recirculated t o  the c e l l  differs from that  which has jus t  been considered. 
a 
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Assuming tha t  the recirculated gases are passed through a. condenser t o  

remove the wa,ter electrochemically formed i n  the  c e l l ,  the dewpoint of 

the recirculated gases would be determined by the  condenser temperature. 

The stoichiametric gas requirement would be added as dry gas. For t h i s  

s i tuat ion,  the water balance equation is: 

vapor pressure of water i n  the recirculated gases. Equa.tion (11) 

reduces t o  

Eq (12) Nz = V' = 2/3 
NGc R 

i s  the recirculation rate ,  expressed as a ra, t io t o  the stoichiometric vR 
gas requirement. The relationship between recirculat ion rate, c e l l  

temperature, condenser temperature, and electrolyte  concentration, 

based on equation (12), i s  shown i n  Figure 5-4. 

.- 

5.1 .2 Control of Electrolyte Concentration 

The equations presented i n  Section 5.1.1 provide the basis 

fo r  determining t h e  conditions fo r  matntaining water balance. 

a given i n i t i a l  e lectrolyte  concentration, one can determine combinations 

of conditions (temperatures and flow rates) t o  maLntain the average 

concentration i n  the c e l l  at t h i s  level .  

For 

I n  principle,  the system is  

self-balancing since any changes which e f f ec t  the concentra,tion w i l l  also 

change the  vapor pressure relationships i n  such a way as t o  bring the c e l l  

back i n t o  water balance at a new avera,ge l eve l  of concentration. For 

s table  c e l l  operation it i s  probably necessary t o  maintain the average 

electrolyte  concentration within f a i r l y  narrow limits. (Although good 

performance can be obta.ined mer a wide range of concentrations, large 
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changes i n  concentration during c e l l  operation a l s o  imply large changes 

i n  e lectrolyte  volume, which may be detrimental t o  performance. ) 

I n  order t o  estimate the  degree of control required i n  a system 

i n  which the water balance is maintained by evaporation of water in to  

the gas streams, some sample calculations have been made u t i l i z i n g  the 

equations presented i n  Section 5.1.1 . 
concentration of 7M KOH, flow rates t o  maintain tha t  concentration were 

Assuming an i n i t i a l  e lec t ro ly te  

calculated for various cel l  temperatures and saturator  temperatures. 

A control band was then assumed f o r  each controlled variable, as follows: 

( 1) Cell  Temperature : f 2°C 

( 3 )  Flow Rates: t 20$ 

( 4 )  Current Density: f lo$ 

( 2 )  Saturator Temperature: f 2OC 

Using the equations i n  Section 5.1.1, a maximum e lec t ro ly te  

concentration was cal&ulated, assuming for all variables the maximum 

change w i t h i n  the control band i n  the direct ion of drying ( i . ee ,  high 

c e l l  temperature, l o w  saturator temperature, high flaws, low current densi ty) .  

Similarly, a minimum electrolyte  concentration w a s  calculated assuming tha t  

all variable changed i n  the  direct ion of wetting. 

are summarized i n  Table 5-1. 

c e l l  temperatures of 70-100°C, and w i t h  inlet gases saturated at temperatures 

The calculated values 

The calculations .show t h a t  f o r  operation at 

2O-25OC lower than c e l l  temperature, average e lec t ro ly te  concentration 

should not deviate by more than abuut f 1.8~ from the or ig ina l  concentration 

of 7rJ. 

same degree of control i s  much greater, par t icu lar ly  a% 1 0 0 ° C  cel l  

temperature. 

With d r y  gas feed, the range of concentration i n  the cell for  t he  
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TABU 5 - 1  

CONTROL OF EL;ECTROLYTE CONCENTRATION 

Cont ro l  Conditions:  

C e l l  Temp. : f 2OC 

Flow Rates : c 20$ 
Saturator Temp. : . 2 O C  

Current  Density: 5 20$ 

I n i t i a l  KOH Concentration: 7 N  

C e l l  Temperature : 70 O C  

S a t u r a t o r  Temperature, O C  D .G. (1) 50 - 45 - 
Contro l  Range, KOH Concentration: 

Max: -- 9.5 

Min: -- 3.5 

(1) Dry gas feed 

-- 
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The control bands assumed i n  the above calculations are quite 

l i be ra l .  I n  l i fe - tes t ing  systems, closer control of temperatures and 

flows i s  practical ,  so t ha t  it should be possible t o  control the average 

electrolyte  concentration i n  the c e l l  t o  closer limits than indicated 

i n  Table 5-1. On the other hand, the  calculations deal only with average 

conditions. It i s  quite possible t ha t  i n  an actual  c e l l ,  depending on the 

d is t r ibu t ion  of flaws, concentration gradients may develop i n  such a way 

tha t  l oca l  concentrations may fa l l  outside the calculated range. 

5.2 C e l l  Design 

Fuel c e l l s  of two sizes have been designed and b u i l t  fo r  the  

evaluation of electrodes at ambient temperatures and above. 

a one-inch c i rc le  act ive area ( 5  cm2) were used f o r  obtaining polarization 

Cells having 

data. For l i f e  tes t ing ,  ce l l s  having a 2" x 2" act ive area (25 cm2) were 

constructed. Both sizes  u t i l i z e  e l ec t r i ca l ly  heated m e t a l  face plates,  

and are similar i n  outside dimensions and general configuration. They 

differ i n  the Size of the active area and i n  the pat tern of gas d i s t r i -  

but ion 

5,2.1 2" x 2" Cell 

A typical fue l  c e l l  used fo r  l i f e  t e s t ing  i s  shown i n  exploded 

view i n  Figure 5-5. 

i n  Figure 5-6. 

current collectors. The matrix sandwiched between the  electrodes and 

Significant dimensions of the  face p la tes  a re  given 

The face plates  serve as huusing, gas d is t r ibu tors ,  and 

saturated w i t h  e lectrolyte ,  permits ion transport  between electrodes 

and prevents gas mixing. The spacer screens carry current from the 

electrodes t o  t h e  face plates  and also ensure adequate contact between 

the electrodes and the  matrix. 

aut of the cel l .  

li 

The gaskets prevent l iquid or  gas leakage 

i 
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The face plates  a re  made of nickel ( 3 1/2" x 3 1/2" x 1/4" 

th ick)  with welded lugs made of s teel .  

The gas i n l e t  and ex i t  tubes a re  made of nickel and soft-soldered in to  

the  plates ,  Bickel withstands hot concentrated KOH and conducts current 

and heat w i t h  negligible resistance through the 1/4" thickness used. 

The gas i n l e t  and e x i t  hole s izes  permit gas t o  flow over the en t i r e  

width of the electrodes. 

E lec t r ica l  insulation around the bol t s  and f ibe r  washers prevent 

short  c i rcui t ing.  Brass bo l t s  screwed in to  the lugs serve as e l e c t r i c a l  

contacts 

The inside faces a re  ground flat. 

Bolts for the p la tes  are m a d e  of s tee l .  

4 -  

Gaskets a re  m a d e  e i ther  of 50 Durmeter s i l icone rubber 

(1/16" thick,  covered completely w i t h  1-2 layers of Teflon tape 2 1/2 m i l s  

t h i ck )  or of Teflon sheet ( ,018 m i l s  thick).  

gaskets defines the gas compartment of the :cell. 

The 2" x 2" opening i n  the 

The spacer screens are  20, 40 or 80 mesh nickel., On each 

side of the matrix, the number and thickness of the screens are chosen 

so th8;t the canbined thickness of screens plus electrode equals the 

gasket thickness t o  within f 4 m i l s .  The screens and electrode f i t  

snugly within the gasket opening. 

,. 

Several different  matrix materials have been used. These 

include : 

1. 

2. 

3.  

"ACCO" asbestos (20-30 m i l s  thick).  

Johns Manville Fuel Cel l  Asbestos Board (34  mils thick) .  

Johns Manville Quinterra Asbestos (10 m i l s  th ick) .  
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The characterist ics of these materials are  described i n  section 3.2.2. 

The matrix i s  the same length and width as the  face p la te  i n  order t o  assure 

a uniform thickness between the  plates.  

thruugh i t s  edges, the  matrix i s  heat-sealed l/2" k u n d  i t s  periphery i n  

To prqvent evaporation of water 

either polyethylene or polypropylene film. 

surface is not exposed t o  the  gases and serves as a reservoir of e lectrolyte .  

Thus, nearly 60$ of the matrix 

The ce l l s  are  heated by flat heating elemetns ( 5  watts/in2) 

cemented t o  the en t i r e  uutside of the  face plates. 

is regulated t o  within * 0.5"C by an on-off thermihtor-type controller 

and is  measured by an iron-constantan thermocouple. 

and controllef probe a r e  inserted from opposite ends of one face p la te  

!The cel l  temperature 

The thermocouple 

t o  within 1/16'' of i t s  center. 

gas space Bf 1./32~~-1/16" of p l a t e  w a l l .  

t o  100°C and a t  current densi t ies  up t o  100 ma/cm2 shared tha t  the 

The thermocouple is  separated frm the 

Measurements at  temperatures up 

temperature of e i ther  e x i t  gas at the point where i t . l e a v e s  the  matrix 

is not more than 2OC above the  temperature measured by the thermocouple 

i n  the face pla,te. 

5,2.2 h e  -inch Cel l  

The one-inch c e l l  is  similar i n  general design t o  the 

2" x 2" c e l l  described i n  section 5.2.1, except t ha t  the gasket opening 

is  a 1 1/16" circle  t o  acccmrmodate 1" c i rcu lar  electrodes and spacer 

screens. 

I n  using the one-inch ce l l ,  the matrix i s  usually cut as a 1 1/2" c i rc le .  

Since t h i s  ce l l  i s  used only f o r  tests of short  duration, the  si l icone 

rubber gaskets are not protected with Teflon tape, nor are the edges of 

the matrix sealed with polyethylene film. 

A detailed drawing of the face plate i s  shown i n  Figure 5-7. 
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5.3 System Design 

The complete l i f e  testing system f o r  operation on dry gases, 

including the  c e l l  and a l l  auxi l iary equipnent is  Shawn i n  Figure 5-8. 

Ea,ch reactant gas flows from i t s  cylinder through d tube of indicating 

Drierite (1) and then through a rotameter ( 2 )  before entering the c e l l  

(3) ;  i n  runs with carbonate- free.K@li%; a tube of Ascarite ( 4 )  is inserted 

a f t e r  the in l e t  Drier i te  tube t o  remove t races  of CO2 i n  the gases. 

determine accurately the  mount of water removed by each gas stream, 

drying tubes C6ntainhg indicating Drier i te  ( 5 )  are  connected t o  the 

c e l l  by Teflon tubing. 

t o  prevent condensation of w a t e r  before the drying tubes. 

i n  the  ex i t  l ines after the drying tubes serve both t o  detect  any gas 

leakage from the ce l l , and  t o  doublecheck the flow ra tes .  

rotameter f loa ts  sometimes become st icky and give false readings and it 

i s  desirable not t o  have t o  interrupt  gas flow even temporarily t o  c lear  

the  i n l e t  rotameters. 

ammeter (8). 

To 

The e x i t  gas l i nes  a re  heated with heating tape ( 6 )  

Rotameters ( 7 )  

During operation, 

Current i s  drawp and measurFd by t h e  res i s tor -  

Voltage is  measured by the  potentiometer (9)  and continuously 

recorded 

t o  the autside,of the face plate .  Cell temperature i s  controlled by a 

thermistor-type controller (11) and i s  measured by a, thermocouple (12) 

and continuously recorded by (13). 

are made w i t h  a Keithley milliohmmeter. 

of the auxiliary equipment i s  given i n  TaIble 5-2. 

The c e l l  is heated by flat heating elements cemented 

Internal  resistance measurements 

A more detailed description 
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(2,7) *Rotameters 

C e l l  Heaters 

Heating Tape 

Resist or -Ammeter 

Re s i s t or 

Ammeter 

Potent imeter 

TABLE 5-2 

A U X I L M Y  EQU1-T 

Voltage Recorder 

Temperature Controller 

Temperature Recorder 

Milliohmeter 

- Manostat Corp. - #FM 1042B & FM 
1043 B predictability flowmeter 
w i t h  Teflon stop and sapphire 
and stainless steel floats. Total 
range = 2-400 cc/min for 02 and 
4-1300 cm/min for H2. 

- Electroflex Heat Inc. - Electrothin 
heating elements 3 1/2 i n  x 3 1/2 i n  x 1/32 i n  
thick - 5 watts/in2 at 115 v. 

- Scientific Glass H 2100E - 10 ft 
480 watts at  115 v. 
by Powerstat. 

Output controlled 

- O h m i t e  (custoan m a d e )  - dual tapered 
resistors i n  tandem (0.5 and 1.0 ohms) 
permit sett ing current at 1-10 amps t o  
within 0.55. 

- Triplet Unimeter 

- Minneapolis Honeywell - Model #700 
measures voltage t o  the nearest 
0.0001 volt. 

- Rustrak Instruments 

- Cole Parmer - #2165 Model RA-thermistor 
type O-250°F - Cole Parmer probe 
#!3484-Wylon. 
Tip i s  1/8" diameter - Controller w i r e d  
for  use with Powerstat 

Time constant = 3.0 sec. 

- Brown Model No. 153x62~6-x-26 0-20O0C 
6 points - used w i t h  iron - constantan 
thermocouple having 1/16" d im.  bead 

*Equipment nunbers referred t o  i n  
text, and i n  Figure 5-8. 
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5.4 Life-Testing Program 

The objective of the  l i f e  t e s t ing  program is t o  operate individual 

high performance fuel c e l l s  fo r  1000 hours with a minimum drop i n  c e l l  

output (although no actual  allowable minimum has been specified).  For 

t h i s  work, an equilibrated matrix type c e l l  employing KOH solution as 

the electrolyte  i s  being used. Stable c e l l  operation requires maintaining 

the amount of water i n  the c e l l  constant within cer ta in  limits by removing 

water from the c e l l  at the same rate as it is  formed by the c e l l  reaction. 

Close control of the water balance is necessary t o  prevent or minimize 

lo s s  i n  performance resul t ing f rm (1) changes i n  the average of l oca l  

concentration of e lectrolyte ,  and (2) changes i n  the  quantity of e lec t ro ly te  

solut ion held i n  the  matrix and electrodes - leading t o  flooding, or 

deposition of solid KOH i n  the electrode pores. 

Water removal from the c e l l  i s  accomplished by evaporation i n t o  

an excess flow of reactant gas. 

run with dry gases on both sides of the c e l l  or w i t h  pa r t i a l ly  saturated 

gases. Control of water balance for  e i the r  s i tua t ion  has been discussed 

i n  section 5.1. 

flow on one side or  the other. 

12 t e s t  ce l l s  operating a t  one time, it is desirable t o  operate if 

possible i n  a manner which requires the l e a s t  amount of auxi l iary equipment 

uni t s ,  the malfbnctioning of any one of which could terminate a test .  

Toward t h i s  end, i n i t i a l  l i f e  t e s t s  have been run w i t h  both gases flowing 

dry. 

In principle,  it should be possible t o  

Other possible variations include dead-ending the gas 

Since it is  planned t o  have a s  many as 
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5.4.1 C e l l  Output vs . Electrolyte Concentration 

Even with very close control of c e l l  temperature, current output 

and of gas f low ra tes ,  the ultimate control of the water balance and of 

the average electrolyte concentration depends on the  inverse re la t ion  

between the concentration and vapor pressure of the electrolyte  solution. 

Without t h i s  inherent control, even a constant water imbalance as low 

as 1% due t o  a, small deviation i n  current, temperature, o r  gas f l a w  

r a t e s  could cause the c e l l  t o  became e i ther  flooded or  dry a f t e r  several  

hundred hours of operation. Even with th i s  inherent control, considerable 

fluctuations in  the average electrolyte  concentration due t o  randam 

deviations i n  the variables affect ing the water balance are t o  be 

expected (see section 5.1.2). 

changes i n  electrolyte concentration a-ffect the voltage a t  a given current 

density. 

70°C w i t h  electrolyte concentrations from 1 t o  13N are  sham i n  

Figure 5-9. 

were obtained over only a 20-30 minute period at  gas flow rates se t  

t o  maintain the water baJ.ance so  tha t  changes i n  the average KOH concentration 

were negligible during the time tha t  the data w a s  obtained. At current 

dens i t ies  up t o  100 ma/cm2, the voltage is independent within 15 m i l l i -  

vol ts  of KOH concentration i n  the range 3 - 1 3 .  

the average KOH concentration can f luctuate  between 3-13N (15-50 w t  .$) 

during a l i f e  t e s t  without s ignif icant ly  affect ing the  c e l l  voltage. 

It is important therefore t o  know hov 

Data on the performance of standard Type AB-1 electrodes a t  

A t  each KOH concentration, the voltage-current data 

It can be concluded tha t  





This conclusion of course makes no assumption covering the gffect  upon 

c e l l  voltage of loca l  KOH concentrations which may l i e  outside the  range 

3 - 1 3  or  the e f fec t  of the  posit ion of the electrode-electrolyte-gas 

interface,  changes i n  which could result frm water imbalance even whi le  

the average electrolyte  concentration remained i n  the range 3-13lT. 

5.4.2 C e l l  Assembly and Operation 

I n  assembling a 2" x 2" c e l l  fo r  life-testing, the matrix 

sheet is saturated dropwise w i t h  KOH solution, and then hand pressed 

between two sheets of b lo t t e r  paper u n t i l  it contains the  proper 

amount of electrolyte.  By experiment it was determined tha t  fo r  

ttACCO" asbestos the residual e lectrolyte  loading should be 1.9 times 

the  dry ma t r ix  weight. With Fuel Cell  Asbestos Board and Quinterra 

Asbestos, which are denser, a 1:l r a t i o  gave best results. 

of the work reported here, 

Baker and Adamson KOH containing 1$ (max.) K&03. 

however, a "carbonate-free" grade solution obtained from the Hartman- 

Leddon Company w a s  used. 

analysis . 

For most 

a,nd 7N KOH solutions w e r e  prepared from 

I n  several t e s t s ,  

This solution contained 15 ppm K g O 3  by 

The assembled c e l l  i s  mounted as shown i n  Figure 5-8, w i t h  

the hydrogen inlet at the bottcan and the  oxygen i n l e t  at  the top. 

I n  the i n i t i a l  phases of t h i s  program, standard grades of hydrogen and 

oxygen supplied by A i r  qeduction Sales Company were used, 

we are  using Airco pre-purified grade hydrogen. 

these gases, as given by the supplier, are shown i n  Table 5-3. 

Currently 

Typical analyses of 
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Component 

02 
N2 

co 
A 
(302 

Hydrocarbons 

Dewpoint, O F  

m.Rm 5-3 

TYPICAL ANALYSES OF REACTAmT OASES 

Oxygen 
( Standard) 

Balance 
1000-2500 

(2) 
5 

1500-3000 
0.2 

(1) Hydrogen 
Standard Pre-purified 

Concentratjon, ppm 

0.1 
210 

e 1  
3 . 1  
-4 
1 

-80 -30 -87 

('1 Both Standard and Prepurif'ied hydrogen are e l e c t r o l y t i c  

grades supplied by Airco. 

( Analysis not avai lable .  
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After purging the i n l e t  l i nes  and heating the e x i t  l ines  

t o  11O-12O0C, the reactant gases are admitted t o  the c e l l ,  and the c e l l  

is  brought t o  the  des i red  operating temperature, 

controller i s  set t o  maintain t h i s  temperature, and then polarization 

data at 0, 40, 100, and 200 ma/cm2 are obtained. The current density 

i s  then set t o  t he  desired leve l  (usually 100 ma/cm2), and the gas flows 

are adjusted t o  maintain the water balance during the l i f e  t e s t .  

the  test, c e l l  temperature and output voltage are recorded continuously. 

Periodic adjustments i n  load are  m a d e  as needed t o  maintain the current 

The temperature 

Throughout 

density at the i n i t i a l  setting. 

w i t h  a Keithley Model 502 Milliohmmeter. The water removed fram the  c e l l  

i n  the ex i t  gases i s  determined by accurate weighing of the drying tubes. 

The data obtained on water-removal permit estimates t o  be made of e lectrolyte  

concentrations within the ce l l ,  and provide a basis for  maintaining the 

overall water balance by making small adjustments i n  gas f l a w  ra tes  as 

needed. 

5.4.3 

Cell internal  resistance is monitored 

Life Tests with Dry Gas Feed 

During th i s  phase of the program, emphasis was placed on 

studying the performance of standard Type AB-1 electrodes. 

were run at  a c e l l  temperature of 70°C, using dry gases. 

i n  matrix materiral, i n  e lectrolyte  concentration, and i n  the r a t i o  of 

hydrogen t o  oxygen fed t o  the ce l l s  were studied. 

conditions for each l i f e  tes t  are summarized i n  Table 5-4, while typical  

performance (voltage VS. t h e )  i s  shwn i n  Figure 5-10. 

AlJ. t e s t s  

Variations 

Principal operating 
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Water balance calculations, as presented i n  Section 5.1.1, 

indicate what the t o t a l  flow of gases t o  a c e l l  should be fo r  a given 

current density, c e l l  temperature, and electrolyte  concentration. They 

do not show how the f l a w  should be divided between hydrogen and oxygen. 

I n  the  first two l i f e  tests, S-6582-4 and s-6582-8, the e f fec t  of varying 

the r a t i o  of hydrogen t o  oxygen was studied. 

Run S-6582-4 w a s  started with a 1:l r a t i o  of H2 t o  O2 (dry 

bas is )  i n  the e x i t  gases. 

first 20 hours, 

the t o t a l  gas flow remained unchanged. 

voltage dropped an additional 60 mil l ivol ts  and the run was  terminated. 

L i f e  tes t  6582-8 was slso star ted w i t h  a 1:l r a t i o  of H2 t o  O2 i n  the e x i t  

gases. 

t o  2:l. The changes i n  c e l l  voltage and i n  KOH concentration w i t h  time 

during t h i s  tes t  are shown i n  Table 5-5. 

The voltage dropped 30 mil l ivo l t s  during the 

The r a t i o  of H2 t o  O2 was then changed t o  1:2, w h i l e  

During the next 26 hours, the  

After 24 h m s  the r a t i o  was changed t o  1:2 ard after 42 hours 

I n  t h i s  table the average KOH concentrations were calculated 

from overal l  water balance data, while the estimated concentrations 

at the H2 and O2 ex i t s  were calculated on the assumption tha t  each gas 

leaves the  c e l l  saturated with respect t o  the  electrolyte  concentration 

and the end of the matrix adjacent t o  i t s  e x i t  port .  The values shown 

are represents-tive of 6 t o  9 reproducible data points obtained over an 

18-24 hour period i 
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Time 
(Hrs. ) 

0 
8 
24 

25 
42 

43 
48 
67 

Working 
Voltage 

e875 
-837 
.812 

-808 
-784 

.784 

.776 

.805 

H2/02 
i n  

Exit 
Gases 

1.13 

1.13 

- 
1.13 

0.57 
0.57 

1.86 

llABLE 5-5 

LIFE TEST 6582-8 

H& Removed 

H& Removed 
by H 2  

by O p  

1.62 

0.52 

9 00 

Estimated KOH 
Conc. at  End8 
of Membrane (N) 

HP Exit Face O p  Exit Face 

3 -9 7 04 

5 .7 5 01 

1 .o 12.2 

Av. KOH 
Conc. i n  

Membrane ( A )  

5 00 
4.3 

4.3 
4.0 

4.0 
4.6 
5 00 



During the first 24 haurs of t e s t  s-6582-8 the voltage f e l l  

63 mi l l ivo l t s  despite the  fact that the c e l l  was nearly i n  overall  water 

balance, the t o t a l  amount of c e l l  water increasing by only 1% and the  

average concqntration of KOH decreasing only from 5.0 t o  4.3. 

the next 17 hours at 1:2 HZ t o  O2 i n  the e x i t  gases, the voltage f e l l ,  

slowly, by 24 mi l l ivo l t s  and then rose 21 mi l l ivo l t s  during the next 

24 hours at  a 2:l H2 t o  O2 ra t io .  

During 

The water balance data in  Table 5-5 reveal the existence 

of a longitudinal ( i n  the direction of gas flow) KOH concentration 

gradient whose magnitude depends upon the r a t i o  of H 2  t o  02 i n  the e x i t  

gases- This gradient arises from the re la t ive ly  greater drying at  tha t  

end of the  matrix which is  adjacent t o  the inlet  of the gas flowing 

at the  higher rate. 

loca l  concentrations, no overall  longitudinal concentration gradient 

ex is t s  when the r a t i o  of water removed by the hydrogen stream t o  tha t  

removed by the oxygen stream equals the r a t i o  of H2 t o  02 i n  the ex i t  

gases, he. ,  both ex i t  gas streams have the same concentration of water. 

It can be seen i n  Table 5-5 that  the smallest gradient occur$ed when 

the ex i t  r a t i o  of H2 $0 O2 was 1:2, and the la rges t  gradient when the 

H 2  t o  O2 r a t i o  was 2:1, 

and oxygen flow rates w e r e  s e t  t o  give a 1:2 H 2  t o  02 r a t i o  i n  the ex i t  

gases 

Assuming saturation of exit gases w i t h  respect t o  

I n  subsequent l i f e  t e s t s ,  therzfore, hydrogen 
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Runs 6582-18 and 6582-40 (Figure 5-10) were s tar ted and run 

with a 1:2 Ha t o  O2 e x i t  ra t io ,  with the same matrix material, and a t  

the  same KOH concentration and t o t a l  gas f law as i n  the two preceding 

runs. I n  both runs, following an i n i t i a l  voltage drop of 23-45 m i l l i -  

vol ts  during the first 6-16 hours, the voltage declined by 25-35 mi l l ivo l t s  

during the next 400 hours of operation. 

concentrations were maintained between 4.9 - 5.6 a*t the 0;c ex i t  and 

I n  both runs calcula,ted KOH 

7.1 - 8.3 at  the H2 exi t .  

I n  run 6582-18, switching frcxn standard grade H2 t o  prepurified 

H2 after 330 hours operation d i d  not produce any cha&e i n  the slaw r a t e  

of voltage decline. Over 720 hours of operation, the t o t a l  drop w a s  

77 mil l ivol ts ,  or 

fa i led during an overnight period, apparently due t o  loss of control 

of the or iginal  voltage A f t e r  720 hours, the c e l l  

of the water balance and drying out of the  matrix. Following shutdown, 

the electrodes were soaked i n  water and a polarization curve was  run 

i n  the same cell and under the same conditions as at the start of the 

l i f e  test .  As shown i n  Table 5-6, the electrodes have suffered no loss 

i n  act ivi ty .  

TABLE 5-6 

EI;ECTRODE PEERIRMARCE AT 70°C BEFORE AND AFTER LIFE TEST 6582-18 

Working Voltage 
Current Density A t  S t a r t  After 

( m a b * )  of Test 720 Hours 

0 1.038 1.023 
40 - 0.898 
100 0.866 0.864 
200 - 0.824 
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I n  Run 6582-40, 

After 400 hour operation, 

grepurified hydrogen was use@ from the s t a r t .  

t he  c e l l  was moved t o  a new location. Cel l  

81 

voltage t h e n s f e l l  overnight from .815* t o  ..703 vol ts .  

the c e l l  temperahre w a s  2OC low, and the t o t a l  gas flow r a t e  15% low. 

Upon restorat ion of normal conditions, a p a r t i a l  recmery i n  voltage 

occurred ( t o  .774 vo l t s )  but-a complete re turn t o  normal output was 

not achieved and the test  was terminated shortly thereaf ter .  These 

r e su l t s  show the importance'of maintaining very Close control over operating 

conditions d u r i n g  l i f e  t e s t s  w i t h  dry.gases and indieate t h a t  i r revers ible  

lo s ses  i n  performance may occur i f  the c e l l  i s  out of water balance 

over an  extended period of time. 

i s  drying since w i t h  a fixed external resistance a. substant ia l  voltage 

decrease causes a. decrease i n  current and.consequently a decrease i n  the 

w a t e r  production rate which accelerates the drying out of the ce l l .  

It was found tha t  

This i s  par t icular ly  so i f  the c e l l  

I n  l i f e  test S-6582-56, 3 0 - m i l  Fuel Cel l  Asbestos Board was 

used as the matrix, and the  electrolyte  concentration w a s  increased t o  

7.2N. 

vo l t s  i n  the preceding tests) reflects the higher c e l l  resistance (14 

milliohms compared with 7 milliohms) fo r  the thicker matrix. 

i n i t i a l  drop of 18 mi l l ivo l t s  the c e l l  output remained constant t o  within 

10 mi l l ivo l t s  over the  next 300 hours and then began t o  decline. 

was continued for  a t o t a l  of 1295.hours. 

the c e l l  by varyiqg the t o t a l  gas flow, by the use of gases pa r t i a l ly  

saturated w i t h  water vapor or by inject ion of water i n to  t h e  c e l l  d i d  

not a r r e s t  the downward trend i n  performance. 

The lower i n i t i a l  voltage (0.856.volts compared w i t h  0.866 - .877 

A f t e r  an 

The test  

Alternate wetting or drying of 



The performance obtained with 1 0 - m i l  th ick win te r r a ,  asbestos 

i s  indicated i n  l i f e  test  S-6582-78. 

.80-.83 v waa maintained fo r  160 hours, but then c e l l  output declined 

Stable operation i n  the range 

rapidly. 

one (S-6582-134) w i t h  30-mil Fuel Cel l  Asbestos Board matrix, and the 

other (S-6582-150) w i t h  two layers  of "ACCO" asbestos. 

Two tests were run with carbonate - f ree  5XV KOH electrolyte ,  

I n  the f irst  

t e s t ,  s tab le  performance was maintained only fo r  about 100 hours. 

the  second t e s t ,  performance declined ra ther  rapidly t o  .76 vol t s  during 

I n  

the first 68 hours, and then more slowly t o  about .7l v a t  400 hours 

I n  these t e s t s ,  performance was  not b e t t e r  than i n  e a r l i e r  t e s t s  with 

electrolyte  containing up t o  about l$ carbonate e 

Life test  6582-86 w a s  run t o  determine whether s table  operation 

After an i n i t i a l  could be maintained at a current density of 200 ma/cm2. 

decline of 30 mv performance was  r e l a t ive ly  stable fo r  a b m t  300 hours. 

A t  that. point the c e l l  was  accidentally short-circuited f o r  a. period of 

two hours, a f t e r  which the voltage d i d  not again return t o  a. high leve l .  

While there  w a s  considerable var ia t ion i n  detai l  from t e s t  t o  

test, the general pat tern that emerges from\all of the t e s t s  reported 

here shows an i n i t i a l  voltage drop of about 1 5  t o  45 mi l l ivo l t s  during 

the first 24 hours, followed by a, period of several  hundred hours or 

more during which the  voltage decreases slowly a t  a rate of about 5-8 

millivolts/100 hrs .  Finally, there is  typ ica l ly  a period of accelerated 

drop i n  performance leading t o  termination of the tes t .  

occurs even while the average KOH concentration i s  mainiained within -f 1.ON. 

The gradual decline following the i n i t i a l  drop occurs even when the  

The i n i t i a l  drop 

longitudinal gradient is  limited t o  not more than 3N. 

I 
1 
I 
D 
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Examination of the c e l l  components a t  the end of each t e s t  

again showed a consistent pattern.  

a t  the inlet ends of the  oxygen and hydrogen electrodes, extending i n  

some cases as much as 1/4 inch toward the  center of t h e  electrodes. 

This suggests t ha t  gradual build-up of these deposits may have contributed 

t o  the  deter iorat ion of performance during the test. 

t o  eliminate the formation of these deposits by operating w i t h  the  i n l e t  

gases pa r t i a l ly  saturated with water vapor, o r  by redesign of the c e l l  t o  

provide greater d i s t r ibu t ion  of in le t  gas i n  the  longitudinal direction. 

Both approaches a re  t o  be investigated. 

5.4.4 Preliminary Work w i t h  Par t ia l ly  Saturated Gases 

Deposits of solid KOH were evident 

It should be possible 

The theore t ica l  calculations of section 5.1 show tha t  p a r t i a l  

saturat ion of the inlet H2 and 02 w i t h  water vapor can prevent the KOH 

concentration at any point i n  the c e l l  from exceeding a maximum whose 

magnitude depends upon the vapor pressure of the water vapor i n  the i n l e t  

gases. This should prevent the 1oca.l drying experienced w i t h  opera;tion 

on dry gases, I n  addition, the gas flow ra t e s  can theoret ical ly  f luctuate  

over re la t ive ly  wide ranges, without causing the electrolyte  concentration 

t o  fall by more than 2-3N. 

has begun on operation w i t h  par t ia l ly  and equally saturated gaqes. 

With these control advantages i n  mind, work 

The saturator desjgn i s  shown i n  Figure 5-11. Both sa.turators 

a re  contained i n  the  same constant temperature bath of ethylene glycol. 

Metered gas is  bubbled through a f r i t t e d  glass sparger d i sc  and then 

up through 5 1/2 - 7 inches of water before entering the  ce l l .  Agitation 

by the  gas keeps the saturator  water at  the same temperature as the  bath. 
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Condensation of water vapor on the saturator walls i s  prevented by having 

the bath leve l  2-3 inches above the water leve l  i n  the saturator.  

l eve l  reaches t o  the bottom of the glass fittings. 

f i t t i n g s  and i n  the l i nes  t o  t h e  ce l l  is prevented by heating them t o  

lO-25OC above the saturator  temperature w i t h  heating tape which is  wrapped 

t o  within 1/4 - 1/2 inch above the bath level .  

bath level ,  above the saturator  liquid leve l  prevents the  heating tape 

from ra is ing  the liquid-gas interface temperature above the bulk l iquid 

temperature, 

The bath 

Condensation i n  the 

The excess 2-3 inches of 

The saturators were tested fo r  saturat ion of the gases within 

the range of saturator  temperatures 40-90"C and gas flow rates 20-250 cc/min, 

which would be used t o  maintain the c e l l  water balance a t  c e l l  temperatures 

i n  the  range 70-100°C. 

l iquid level ,  5 1/2 inch, was used. 

and controlled t o  within 0 . l o C I  

and checked several times during the determination by a water displacement 

bot t le .  The water content of the gas leaving the  saturators  was determined 

by passing the wet gases through a Drier i te  tube. 

percent saturation of the gas i s  the average of 2-3 measurements made 

over 10-60 minute intervals ,  The d a t a  show tha t  both H2 and 02 leave 

the  saturator  essent ia l ly  completely saturated w i t h  w a t e r  vapor a t  the 

saturator  temperature. 

water brought i n to  the c e l l  by each gas during l i f e  tes t ing.  

I n  these determinations, the minimum saturator  

The saturator  temperature w a s  measured 

Gas flaws were measured by rotameters 

? 

I n  Table 5-7, the 

This will permit calculation of the amount of 
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TABLE 5-7 

SATVRATOR TESTS 

PERCENT SATURATION OF H2 AND 02 LJ3AV"G SATURATOR 

%tuxator 
Temp .( "C ) 

50 

9 1  

Flaw Rake 
cc/min. a t  1 a t m  & 23OC 
- "2 02 

22 
68 

251 

24 
85 

249 

26 
76 

252 

23 
77 

249 

Percent  Saturation 
H2 02 
103 
98 

103 

97 
102 
97 

111 

100 
96 

106 
113 
94 
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6 .  3 " R E  WORK 

The program of work f o r  the next quarter includes investigations 

i n  the following areas: 

1, Catalysts 

Evaluate palladium and palladium/platinum blacks as anode 

electrocatalysts ,  Evaluate s i lver ,  and s i lve r  containing systems as cathode 

electrocatalysts ,  

2, Membranes 

Evaluate r e s i s t i v i ty  and performance of asbestos and proprietary 

membranes at  7O0C, 

3 0  Electrode Development 

Prepare and evaluate additional modifications of Cyanamid 

Type A and Type B electrodes including studies of platinum loading, 

R-Rh-carbon electrodes, and graded waterproofing. 

4, 

5 .  

L i f e  Testing 

( a )  Develop techniques fo r  l i f e - t e s t ing  a t  100°C, and w i t h  

saturated gases 

( b )  L i f e  test  promising experimental electrodes, including: 

(1) High P t  loadings 
( 2 )  Si lver  oxygen electrodes 
( 3 )  P t  on carbon 
( 4 )  Pt-Rh on carbon 

( c )  <Redesign ce l l s  for :  

(1) Better gas d is t r ibu t ion  
(2) Testing under pressures t o  15 psig 

Scale -up 

S t a r t  development of 6" x 6" c e l l s  

(a,) Preliminary face p la te  designs and gas d is t r ibu t ion  studies.  

87 



APPENDIX A 

STATISTICAL METHODS USED FOR AmALysIS OF 
ELECTRODE PERliY)FMANCE DATA GIVEN I N  SECTION 4.3.2 

The s t a t i s t i c a l  analysis of the data proceeded as follows: 

The t e s t  values at 100, 200, and 300 ma/cm2 were used i n  order t o  

determine the l inear  relationship between current density and voltage 

within t h i s  range f o r  each of the three sample electrodes taken from 

each sheet. Least squares estimates of the two coefficients i n  the 

s t ra ight  l i n e  f i t t i n g  the data were obtained f o r  each sample electrode. 

These estimates were then compared t o  see i f  the three slopes and in-  

tercepts  within a sheet could be considered s ignif icant ly  d i f f e ren to  

For each sheet an equation was obtained needing e i ther  two, four, or 

s i x  parameters t o  characterfze an electrode type. 

t o  estimate the variation between electrode samples within sheets. 

These e r rors  were tested t o  see i f  the sample-test e r ror  was  consistent 

f o r  all electrode types, 

of electrode type s-6609-3-1, for  which the var iab i l i ty  w a s  s ignif icant ly  

larger.  

It w a s  now possible 

This w a s  found t o  be the case, w i t h  the  exception 

The "best" single value t o  characterize the ac t iv i ty  of an 

electrode type w a s  considered t o  be the predicted value at  200 ma/cm2. 

The least squares (and hence most precise)  estimate of t h i s  value i s  

given by the means of all nine data points from a given electrode sheet. 
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I n  order t o  say that a - real difference ex i s t s  between electrode types 

it i s  necessary t o  have estimates of the  sheet t o  sheet e r ror  (not 

available from t h i s  experiment) as w e l l  as the sample-test e r ror  within 

a sheet. 

a sheet, one i s  able t o  make sane ten ta t ive  decisions. 

any differences between electrode types which cannot be considered 

s ignif icant  when tested against t h e  electrode sample-test error ,  w a n l d  

cer ta inly not be s ignif icant  when tested against the t o t a l  error .  

any differences which appear significant when tes ted against the  electrode 

sample-test error ,  would have t o  be retested s t a t i s t i c a l l y  against the 

sheet t o  sheet e r ror  when it was  obtained. This would  insure t h a t  these 

differences are simple not manifestations of sheet t o  sheet var iab i l i ty .  

However, by using the  estimate of the sampel-test e r ror  within 

For example, 

However, 
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Philadelphia, Pennsylvania 
Attention: M r .  Robert Goodman 

h e 1  C e l l  Corporation 
4300 Goodf ellow Boulevard 
Building 107 
St, Louis 20, Hissouri 
Attention: D r .  Et, A, Cooley 

General n e c t r i c  Company 
Direct Energy Conversion Operations 
Lynn, Massachusetts 
Attention: D r .  E. Glagier  

General D e c t r i c  Company 
Research Laboratory 
Schenectady, N e w  York 
Attention: D r .  H. Liebhafsky 

General Motors Corporation 
Box T 
Santa Barbara, California 
Attention: D r .  C. R. Russell 

Hoffman Electronics Company 
Research Laboratory 
S&a Barbara, Ca l i fo rn ia  
Attention: D r .  J. Smatko 

Leesona Moos Laboratories 
Lake Success Park 

-Community Drive 
Great Neck, New York 
Attention: Dr. A, Moos 

McDonnell Aircraft Corporation 
P. 0. Box 516 
St,  Louis 66, bassouri 
Attention: Project G e m j n i  Office 
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1-onsanto Aes earch Corporation 
8os-con Laroratorles 
zv er E ; t  t lis, 1 .as s a c h s  e t  ts 
d t t en t ion :  D r .  J. 0. Smith 

;:orth American -iviZtion Company 
S & u) Division 
Downey, Ca l i fo rn ia  
Attention: Dr. James Nash 

P r a t t  and Khitney Ai rc ra f t  Division 
United A i r c r a f t  Corporation 
East Hartford 8, Connecticut 
Attention: Librar ian 

Radio Corporation of America 
Astro Division 
Heightstown, New Jersey 
Attention: Dr .  Seymour Winkler 

Speer Carbon Company 
Res ear c h and Development Laboratories 
Packard Road a t  47 th  S t r e e t  
Niagara Fa l l s ,  New York 
Attention: Dr .  L. K. Ligget t  

Thiokol Chemical Corporation 
Reaction Motors Division 
Denville,  New Je r sey  
Attention: Dr.  D. J. K m  

Thompson Ramo 'dooldridge 
23555 Euclid Avenue 
Cleveland 17 ,  Ohio 
Attention: Librar ian 

Union Carbide Corporation 
Technical Information Service 
P. 0. Box 6116 
Clevelwd, Ohio mol 
Universi ty  of Cal i fornia  
Space Science Laboratory 
Berkeley 4, Cal i fornia  
'Attention: Prof. Charles :I. Tobias 

Universi ty  of Pennsylvania 
Electrochemistry Laboratory 
Phi ladelphia  4, Pennsylvania 
Attention: John O'M. Bockris 

Western Fieserve University 
Cleveland, Gnio 
Attention: Pro:. Ernest Yeager 
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